The South American knifefish (Apteronotus leptorhynchus), or brown ghost, produces a high-frequency (600-1000 Hz) sinusoidal electric organ discharge (EOD) with males discharging at higher frequencies than females. In addition, each fish has a unique EOD frequency within the frequency range of its gender. The electromotor circuit responsible for EOD production consists of a medullary pacemaker nucleus (PMN) and spinal electromotor neurons (EMNs).
brown ghost, produces a high-frequency (600-1000 Hz) sinusoidal electric organ discharge (EOD) with males discharging at higher frequencies than females. In addition, each fish has a unique EOD frequency within the frequency range of its gender. The electromotor circuit responsible for EOD production consists of a medullary pacemaker nucleus (PMN) and spinal electromotor neurons (EMNs).
In vitro spinal slice recording showed that, similar to the PMN, EMNs fire spontaneously at rates near the EOD frequency of each fish. The persistence of firing 2 weeks after high spinal transection demonstrated that spontaneous firing rate was intrinsic to the EMNs and was not dependent on presynaptic input. We confirmed that 11 -ketotestosterone (11 kT) raised and 17-P-estradiol (E2) lowered the EOD frequency of intact fish. Because electromotor cells fire spontaneously near EOD frequency, we investigated whether these steroids affect endogenous firing rates. Steroid implants were made in normal or spinally transected fish. Two weeks later, PMNs of normal fish and EMNs of transected fish were recorded in vitro. 11 kT increased and E2 decreased the intrinsic firing rate of neurons in the PMN and the EMNs. Hormones shifted the intrinsic firing rates of EMNs, although they were synaptically isolated during the hormone exposure.
Key words: neuronal oscillators; steroids; electric fish; pacemaker; motoneuron; plasticity The brown ghost, Apteronotus leptorhynchus, is a weakly electric fish found in tropical rivers of South America. It produces a quasisinusoidal electric organ discharge (EOD) that functions in electrolocation and social communication (Bullock and Heiligenberg, 1986) . In this species, EOD frequency ranges from 600 to 1000 Hz, with males discharging at higher frequencies than females (Meyer et al., 1987) . In addition to this sexual dimorphism, there are stable individual differences in discharge frequency (Hopkins, 1972) in which EOD frequency fluctuates ~0.2% over the course of days to weeks (Bullock, 1969) . As with many sexually dimorphic behaviors, EOD frequency is sensitive to steroid hormones: estrogen and testosterone lower basal EOD frequencies in immature and adult fish of either sex (Meyer et al., 1987; Dulka and Maler, 1994) . EOD frequency is set by neurons in a midline medullary nucleus called the pacemaker nucleus (PMN). This nucleus possesses two neuronal cell types (pacemaker and relay cells) that oscillate endogenously (Maler et al., 1983; Meyer, 1984; Dye and Heiligenberg, 1987) . The activity of these cells initiates the EOD. Pacemaker cells make electrotonic connections with each other and with relay cells (Bennett et al., 1967) . In vitro recordings of the PMN reveal that both pacemaker and relay cells isolated from their afferent input fire spontaneously at rates near the EOD frequency of each fish (Meyer, 1984; Dye and Heiligenberg, 1987) . The relay cells project their axons down the spinal cord to form Recei ved Oct. IO, 1995; revised Jan. 24, 1996; accepted Jan 26, 1996 electrotonic synapses with spinal electromotor neurons (EMNs), the axons of which comprise the adult electric organ (Bennett et al., 1971; Waxman et al., 1972; Kirshbaum, 1983) . The summed activity of the EMN axons produces the EOD.
Unlike other weakly electric fish, the A. leptorhynchus electric organ continues to discharge for -24 hr after the spinal cord is transected (severing the relay axons) (Dye and Meyer, 1986) (J. Schaefer, unpublished data). Dye and Meyer (1986) found that the post-transection EOD frequency was near the pretransection EOD frequency, suggesting that spinal neurons in the electromotor circuit also fire spontaneously (like pacemaker cells) at an intrinsic rate.
Thus, in A. leptorhynchus, cells in both the PMN and the spinal cord fire spontaneously near each fish's own EOD frequency.
Because EOD frequency is shifted by steroids and neurons of the electromotor circuit are intrinsically "tuned" to oscillate at the EOD frequency, one or more neurons in the circuit are likely steroidsensitive. Compared with circuits underlying most vertebrate behaviors, the electromotor circuit is tractable with only three known cell types connected by electrotonic synapses. Within this circuit, one can compare homogeneous populations of cells among animals for variations in the membrane properties responsible for individual differenccs and hormone-induced changes in EOD frequency. This first requires the identification of possible steroid-sensitive cells in the circuit. In this study, we characterized the anatomy of the spinal electromotor regions to develop an in vitro preparation and locate the source of the spinal cord oscillations reported by Dye and Meyer (1986) . We then examined the effects of androgen and estrogen on intact EOD frequency, and in vitro firing rates of both the PMN and the spinal cord oscillator.
MATERIALS AND METHODS
A. leptorhynchus were obtained commercially and kept in individual Plexiglas tanks that were part of a circulating 600 gallon system. (Keller et al., 1986) and remained in the tish for the entire study, which was verified postmortem. This procedure results in steroid blood levels of a few to 10 rig/ml (Keller et al., 1986; Zakon et al., 1993) .
The species EOD frequency range for A. leptorhynclzus is OOO-1000 Hz. The fish were divided into high (>XOO Hz) and low (~800 Hz) EOD frequency groups. To maximize the effects of steroid implant, WC implanted fish in the low-frequency group with a steroid to raise EOD frequency (I 1 kT) and fish in the high-frcqucncy group with a steroid to lower EOD frequency (E2). Control fish received empty capsules and were matched to their respective treatment groups by their mean EOD frcauencies.
In the steroid implant experiments, the post-treatment EOD frequency and PMN and EMN firing rates were subtracted from the fish's oreimplant EOD frequency to y;ld a difference frequency. Difference frequencies from all of the cells in a fish were averaged to provide one value per fish. The 11 kT and E2 implant groups were compared with their corresponding control groups using a single-variable ANOVA with Scheffe's and Fischer's post hoc analyses at 95% significance.
Lucifer yellow dye injections. The recording electrode was back-filled with a 3% solution of Lucifer yellow dye. Then the rest of the electrode was filled with 0.1 M LiCI. The dye was iontophoresed with a 2 nA hyperpolarizing pulse at a 50% (500 msee) duty cycle. The dye was allowed to diffuse in the tissue for 30 min before fixation in 4% paraformaldehyde in 0.1 M PBS, pH 7.2, overnight. The tissue was dehydrated in ethanol, cleared in methyl salicylate, whole-mounted on a depression slide, and viewed with fluorescence microscopy.
RESULTS
Anatomical and histological characterization of electromotor circuit It was necessary to characterize first the organization of the electromotor circuit to provide an anatomical context for the spinal cord in vitro preparation. EMNs, which are clustered dorsal and lateral to the central spinal canal, were conclusively identified by dextran back-fills from the electric organ. EMNs are 30-50 pm in diameter, largely adendritic with a few thin dendrites extending from the soma, and have a single axon exiting through a ventral root (Fig. IA,@ . The EMN axons fasciculate and make up the electric organ in this species.
Because spinal transection was to be used later in this study to remove the presynaptic relay inputs to the EMNs, we wished to identify the relay axons in cross-section. All axons in a section were visualized with 3A10, which recognizes neurofilaments (Fig.  lC,E) . Two prominent dorsolateral tracts of large-diameter (lo-20 pm) fibers were observed that correspond to previous descriptions of the spinal relay tracts (Bennett, 1971) . We directly confirmed their identity by injecting Lucifer yellow after physiological characterization. This showed that single filled axons branch extensively as far as they could be visualized in whole mounts over several spinal segments (Fig. 2) . These axons send collaterals to form a dense neuropil of fibers surrounding the EMNs. Anti-calbindin-D,,, (R8701) selectively labeled these relay axons, their collaterals, and the EMNs (Fig. lD,F) .
Spontaneous activity in vitro
Spinal slice recordings were made from fish with EODs across the A. Zeptorhynchus frequency range (600-1000 Hz at -27.O"C). This is the first investigation of the in vitro activity of the spinal electromotor system. It revealed that in the slice preparation these cells are spontaneously active in either of two distinct patterns. Both patterns could be found in any one slice of tissue, but in no case did a cell switch between the two behaviors during a recording. Cells that we termed "constant" (Fig. 3A ) fluctuated in firing frequency by as little as 2% during a recording lasting sometimes up to 10 min. The other type displayed periodic fluctuations of firing frequency, membrane potential, and spike amplitude; thus, we called them "cycling" cells (Fig. 3B ). These cells reached their peak frequency within milliseconds of their quiescent phase accompanied by a lo-20 mV depolarization of the membrane. Then firing frequency immediately slowed, spike amplitude increased, and the membrane potential hyperpolarized until the cell suddenly hyperpolarized 5-10 mV in one step and stopped firing.
The average firing frequency of constant cells and the average peak frequencies of cycling cells were plotted against the original intact EOD frequency (see Fig. 3C ) to reveal a significant correlation (n = 13, r = 0.681, p < 0.02). Thus, cells within each fish's spinal cord intrinsically oscillate at rates near its EOD frequency.
In the caudal tip of the spinal cord, there are only two cells known to be involved in the generation of the EOD: relay axons and EMNs. Lucifer yellow iontophoresis was used to label the last cell recorded in many experiments. The results of these fills did not identify conclusively either cell type to be the single source of spinal oscillations or the cycling firing pattern. Of a total of 10 cells filled, 8 were made in cycling cells. Seven of the cycling cells were identified later as relay axons (Fig. 2) . Although this suggests that cycling arises from relay axons, the remaining fill was in an EMN. The only two fills made in constant cells labeled one relay axon and one EMN (data not shown). These ambiguous results might be attributable to the difficulty of localizing the source of activity in an electrically coupled system. To focus on the electrical behavior of the EMNs in isolation, we chose to eliminate the relay axons by transecting the spinal cord 2 weeks before in vitro recording.
Tuned oscillation in EMNs
Spinal transection made just caudal to the thoracic cavity 2 weeks before slice recording causes degeneration of relay axons. The success of this procedure was verified by the long-term absence of an EOD. Of the tail pieces sliced for in vitro recording, one was fixed and processed for 3AlO immunohistology to verify the absence of all relay axons and their collaterals after the experiment (Fig. 4A) .
To examine the remaining spontaneous electromotor activity, the recording electrode was guided to the ventral third of the spinal slice, where the EMN axons from adjacent spinal segments converge to exit through the ventral root. Although relay axons were now absent from the slice preparation, spontaneous electrical activity was still detected. All cells recorded in this experiment fired in a constant pattern (n = 95 cells). Because relay axons were absent from the spinal cord, the remaining high-frequency activity could have originated only from EMNs, and Lucifer yellow injections confirmed this (n = 5 fish; Fig. 4B ).
The mean firing rates of all sampled EMNs in a fish were averaged and plotted against each fish's EOD frequency measured before transection (Fig. 5) . This revealed that EMNs oscillate at constant rates similar to each individual fish's EOD frequency despite being isolated from the PMN (r = 0.77, n = 15 fish,p < 0.001).
Effects of steroids on the electromotor circuit Fish were divided into groups to be used in three separate experiments. In these experiments, we looked at the effects of steroids on EOD frequency and the in vitro firing frequency of the PMN and EMNs. Equal numbers of fish were divided into high-and low-frequency groups (see Materials and Methods) for each experiment and given either an empty control capsule or one containing steroid. The experimental fish with a low EOD frequency (<800 Hz) were given 11 kT, and high EOD frequency fish (~800 Hz) received E2.
Two to three weeks after implant, the effects of steroid treatment (or implant alone in the case of controls) were assessed (see Materials and Methods for data analysis) in three different experiments: PMN (3 PMNs/group), EMN (5 fish/group), and intact EOD frequency (5 fish/group). The results of the three experiments indicate that 11 kT significantly increased EOD frequency, in vitro PMN firing rate, and in vitro EMN firing rate. In contrast, E2 decreased EOD frequency, in vitro PMN firing rate, and in vitro EMN firing rate. DISCUSSION Anatomical organization of spinal electromotor circuits Immunocytochemistry, Lucifer yellow injection, and retrograde labeling with dextrans revealed two aspects of the spinal electromotor circuit (EMC) not previously reported. The first of these was the positive labeling of the EMNs with antibodies to calbindin-D,,, (R8701). Our results and those of Maler et al. (1984) indicate that all cells in the electromotor pathway are calbindin-D ,,,-positive. Second, Apteronotus EMNs have been reported to be adendritic in previous studies using plastic sections (Bennett, 1971; Waxman et al., 1972; Bennett et al., 1978; Anderson et al., 1984) . However, we now show using a retrograde shows anatomy similar to that seen with 3AlO. E, Cross-section labeled with 3AlO shows relay axons (arrow) tracts in both dorsolateral quadrants. Their collaterals form the central neuropil and surround the EMN somata, which lie dorsal and lateral to the central spinal canal. F, Cross-section labeled with R8701. Only relay axons (arrow) and EMNs label with R8701. Scale bar, 50 pm. tracing molecule that EMNs possess a small number of thin dendrites. The dendrites persist after spinal transection completely ablates the central neuropil of relay collaterals, eliminating the possibility of them being presynaptic in origin. Furthermore, the A4, of the dextrans (10 kDa) used in back-fills far exceeds the size limit for molecules to pass through gap junctions (1 kDa) (Bennett et al., 1991) . What role the dendrites serve in the electromotor output is unclear at this point. April 15, 1996, 76(8) Figure 2 . Spinal slice whole mount after in vitro recording from and Lucifer yellow injection into a relay axon. The brightest label corresponds to the site of microelectrode penetration. A large number of collaterals can be seen to branch from the main axon. Scale bar, 100 I*;m.
Finally, whole mounts of Lucifer yellow fills of relay axons show that they create a dense neuropil of fibers surrounding the EMNs, which has not been described previously (Bennett et al., 1978) . Single filled relay axons extended numerous collaterals over the entire length that could be visualized in a whole-mount section (often exceeding one spinal segment). The highly branched relay axon morphology can also be seen in frozen sections labeled with 3AlO or anti-calbindin-D,,,. The numerous branches and EMN contacts made by each relay axon functionally couple large groups of EMNs. This certainly plays a critical role in synchronizing the activity of the EMN population required for EOD production.
Electromotor neurons as intrinsic oscillators Electromotor cells in a slice preparation of spinal cord fire spontaneously at either a constant frequency or in bursts of activity separated by periods of quiescence. We originally hypothesized that the two firing patterns might correspond to the two cells types present in the slice (EMNs and relay cell axons), but intracellular Lucifer dye injection did not support this. EMNs and relay axons are coupled by gap junctions; therefore, a recording electrode in one cell type might pick up activity originating from the other. To focus on one cell type, a complete spinal transection was made 2 weeks before recording, eliminating relay axons from the preparation. Consequently, EMNs fired only in a constant pattern at rates correlated to intact pretransection EOD frequency. This suggests that the EMNs changed their firing pattern from cycling to constant after transection or that the presence of cut relay axons in the slice preparation originally produced the cycling firing pattern.
The simplest explanation given the data presented here and elsewhere is that cycling arises from the connection of EMNs to cut relay axons. Evidence for this hypothesis comes from the spinal transection experiment of Dye and Meyer (1986) . If one monitors EOD frequency after transection, the entire electric organ is seen to exhibit cycling activity. This persists for several hours after transection and looks similar to what we describe here as the cycling firing pattern. The post-transection EOD is characterized by periods of high-frequency, high-amplitude output interspersed with periods of very low-amplitude background activity. (J. Dye, personal communication) (J. Schaefer, unpublished observations). After 24 hr, this background activity is all that remains of the EOD. Because our in vitro data show that EMNs are still oscillatory up to 1 month after transection, this lowamplitude background activity is probably EMNs now firing out of synchrony. The common condition between the in vitro EMN cycling and in vivo EOD cycling is the presence of cut relay axons coupled to EMNs. The disappearance of EOD cycling 24 hr after transection corresponds to the known time course of relay collateral degeneration after spinal transection (Schaefer et al., 1994) .
Coupled oscillators
The oscillatory EMNs found in A. leptorhynchus are thus unique within the order Gymnotifonnes. In other species studied so far, pacemaker cells "drive" the otherwise silent EMNs. Evidence presented here and elsewhere (Dye and Meyer, 1986; Schaefer and Zakon, 1993) demonstrates that the PMN in A. leptorhynchus only entrains the already active EMNs. Depending on the species, Apteronotid EMNs are required to fire between 500 and 1800 Hz (Alves-Gomes et al., 1995) . At these rates, it may be easier for the PMN to entrain or synchronize already active EMNs through the relay axon network than to depolarize them cycle-by-cycle.
The spontaneous oscillations of brown ghost EMNs place constraints on several well characterized reflexive and social modulations of EOD frequency. In Eigenmannia and Hypopomus, the jamming avoidance response and other social signals (chirps, decelerations, etc.) require transient increases or decreases in EOD frequency (Hagedorn and Heiligenberg, 1985; Kawasaki et al., 1988) . However, Apteronotids only show EOD frequency increases and are unresponsive to stimuli that elicit frequency decreases in other species. It is easy to see how an increase in PMN firing frequency might drive EMNs to higher rates by depolarizing them earlier in their activity cycle. However, if the PMN slowed its firing rate, this may have no effect on the endogenously active EMNs, or it could allow each cell to fire at its intrinsic rate, thereby desynchronizing the population.
Effects of steroids on the EMC neuronal firing rate In A. Zeptorhynchus, females normally discharge at significantly lower rates than males (Hagedorn and Heiligenberg, 1985; Meyer et al., 1987) . Thus, it is not surprising that estrogen lowers and 11 kT raises EOD frequency (Meyer et al., 1987; Zakon et al., 1993) study were neither sexed nor gonadectomized. Nevertheless, E2 lowers and 11 kT raises EOD frequency in gonadectomized fish of both sexes (M. Zucker and H. Zakon, unpublished data).
Steroids could induce long-term EOD frequency changes by acting as follows: (1) directly on an EMC neuron to induce long-term changes in its intrinsic firing frequency; (2) on a presynaptic neuron that tonically influences the firing frequency of the electromotor circuit neuron, but that would allow that neuron to return to its original frequency if removed; or (3) on a presynaptic neuron that induces permanent changes in the spontaneous firing frequency of EMC neurons that will remain after removal of presynaptic inputs.
In vitro recordings consistently showed that PMNs from control fish in the high EOD frequency group fired at rates higher than their EOD frequency, whereas PMNs from fish in the lowfrequency group fired at rates lower than their EOD frequency. Although the source of this variation is unknown, on this effect is superimposed the frequency shift induced by steroid implant. A statistical comparison between the difference frequencies in steroid-implanted fish and their frequency-matched controls re- vealed a steroid-sensitive component. This is supported further by the fact that E2 and 11 kT produce changes in PMN firing frequency similar to what is seen in the EOD frequency and the in vitro EMN firing rate of implanted fish (Fig. 6) .
The diencephalic prepacemaker nucleus and mesencephalic prepacemaker nucleus are the only known input to the PMN and are responsible for modulations of firing frequency that produce socially relevant EOD behaviors (Kawasaki et al., 1988) . Because the PMN received synaptic input from these nuclei during the hormone treatment, we cannot determine whether steroids acted directly on the nucleus or through these inputs. Long-term steroid-induced changes in spontaneous firing frequency also occurred in EMNs. However, these changes occurred in the absence of relay axon inputs. Thus, steroids do not act on EMNs through tonic input from the PMN. Instead, steroids might act directly on EMNs or other cells in the spinal cord. These changes in the spontaneous firing rates of neurons in the EMC are likely mediated by steroid actions on ion currents of these cells. Previous studies on isolated Apteronotus PMN re-. vealed that its firing frequency is extremely sensitive (50-100 PM) to 4-aminopyridine (4-AP) (Dye, 1991) . Sensitivity to 4-AP infers the presence of a rapidly activating, but transient, outward potassium current (KA). KA is often responsible for setting repetitive firing rates (Hille, 1992) and would be a likely target for steroid modulation.
Spontaneously firing neurons also require an endogenously active inward current. Thus, the firing rate of EMC neurons could also be influenced by steroidal modulation of an inward current. Candidates for such steroid-sensitive inward currents would include the I, cation channel, which activates with hyperpolarization (Hille, 1992) , and persistent (leak) sodium currents (Gage et al., 1989) . In the gymnotid Stemopygus, for example, 5 Lu-dihydrotestosterone lengthens the inactivation time constant of electrocyte voltage-activated sodium current (Ferrari et al., 1995) .
EMC neurons respond to elevated levels of androgen and estrogen with opposite changes in firing frequency. To produce such an effect, the two hormones could act with opposite effects on the same ion current, or one could regulate an inward current while the other regulates an outward current. Determining the influence of steroids on the magnitude and kinetics of the various ion currents of EMC cells requires voltage-clamp analysis. In the PMN of Apteronotus, this is difficult because of extensive dendritic arborization and electrical coupling. However, EMNs are spherical, largely adendritic, and abundant in caudal regions of the spinal cord. Using the techniques of Turner et al. (1994) , we have enzymatically dissociated and acutely cultured EMNs and are presently developing a whole-cell (tight-seal) voltage-clamp prep- Figure 6 . The effects of steroid treatment in three separate experiments looking at in vitro firing frequency of the PMN (3 PMNs/group), the EMNs (5 fish/group), or the intact EOD frequency (5 fish/group). Steroid-induced changes in frequency (difference frequency; see Materials and Methods) were compared with control values using a single-variable ANOVA. A, Chronic 11 ketotestosterone (II kT) implants significantly increased EOD frequency (p < O.OOOl), in vitro PMN firing rate @ < 0.02), and in vitro EMN firing rate @ < 0.001). B, Chronic 17-P-estradiol (E2) implants decreased EOD frequency @ < 0.0004), in vi&o PMN firing rate 0, < 0.002), and in vitro EMN firing rate (p < 0.0004).
aration for studying the ionic currents of these high-frequency, steroid-sensitive oscillators. This could elucidate interactions that underlie steroidal modulation of more complex reproductive behaviors.
